In this series, we aimed to describe the sonographic findings of chondral avulsion fractures that develop concomitant with lateral ankle ligament injury in children. We performed stress sonography during a manual anterior drawer stress procedure of the ankle in 9 skeletally immature patients who had recently had a lateral ankle sprain. Echo videos were obtained through the course of treatment, and all videos were reviewed. We elucidated the common features of chondral avulsion fractures of the lateral ankle ligaments in the children. The features of avulsion fractures on conventional sonography included absence of a fracture with hyperechoic spots (sonographic occult fracture type), cortical discontinuity with hyperechoic spots (cortical disruption fracture type), fracture line in the cortical bone (double-line fracture type), and a step-off deformity of the cortical bone with cartilage (displaced fracture type). In contrast, the features of chondral fractures on stress sonography included abnormal motion of the chondral lesions and mobility/fluidity of hyperechoic spots along the chondral fracture site. The presence of hyperechoic spots around the chondral lesion is an important sonographic sign for diagnosing chondral fractures concomitant with ankle lateral ligament injury. Hence, we believe that stress sonography should be considered for the detection of chondral fractures concomitant with radiographically negative ankle lateral ligament injuries in skeletally immature patients with lateral ankle pain and ankle sprains, if hyperechoic spots are present in the cartilage of the distal fibula.
A nkle sprains are common injuries in children, and damage to the lateral ankle ligament usually results in intrasubstance rupture of the ligaments or an avulsion fracture at the attachment site of the fibula. Avulsion fractures of the anterior talofibular ligament, or both the anterior talofibular ligament and calcaneofibular ligament in cases of severe inversion injuries, are commonly reported. 1 However, in skeletally immature patients, the presence of unossified cartilage can obscure an avulsion fracture because the ligament is inserted in the cartilage. 2, 3 Avulsion fractures can occur at the cartilage between the distal end of the ossified fibula and the ligament-chondral junction. Hence, chondral fractures can be considered avulsion fractures. However, nondisplaced chondral fractures of the lateral malleoli in cases with ankle inversion injuries cannot be identified by using plain radiography, computed tomography, or conventional magnetic resonance imaging (MRI).
In pediatric patients, sonography offers specific advantages over MRI because it is noninvasive, does not require sedation or general Videos online at wileyonlinelibrary.com/journal/jum anesthesia (facilitating repeated examinations for followup), is quickly accessible at the bedside, and is easy to combine with clinical assessments. Moreover, modern high-frequency ultrasound transducers used by experienced examiners can provide unsurpassed resolution of the superficial musculoskeletal structures in children. 4 Furthermore, sonography is effective for use in dynamic states, and stress sonography during a manual anterior drawer stress procedure has great specificity in terms of detecting minor instability. 5, 6 When dynamic stress is applied, sonography can easily identify abnormal motion related to chondral fractures. Thus, chondral fractures can be directly diagnosed by using stress sonography. In this series, we aimed to describe the sonographic findings of chondral avulsion fractures concomitant with ankle lateral ligament injuries in children.
Materials and Methods
In this series, we included all patients who visited our clinics with clinical findings suggestive of ankle inversion injury between 2014 and 2015. The series was approved by the Ethics Committees of the clinics, and informed patient consent was obtained. Patients with a previous injury on either ankle were excluded.
Sonography was performed with a 12-MHz linear probe (AprioMX; Toshiba Medical Systems Co, Ltd, Tokyo, Japan). A standardized sonographic protocol was used. 7 Additionally, stress sonography was performed along with a manual anterior drawer stress procedure. The transducer was placed longitudinal to the anterior talofibular ligament. The data were saved as echo videos, and the videos were reviewed. During the manual anterior drawer stress procedure, each patient was placed in the sitting position with one leg hanging on a pillow (resting position).
Detection of the Anterior Talofibular Ligament and Unossified Cartilage
The transducer was placed sequentially over the anterior talofibular ligament, longitudinally and parallel to the sole of the foot, to assess the structure (Figure 1, line 1,  A) . 3 The anterolateral position at the peak of the talus was used as an insertion point. After moving transducer was moved proximally, the distal end of the ossified fibula was identified as a line represented by a hyperechoic osseous acoustic landmark. The presence of cortical Figure 1 . A, Illustration of a skeletally immature ankle. B, Axial plane image of A to help understand the sonographic data. C, Change on stress sonography during the manual anterior drawer stress procedure. The green arrows indicate the motion during the procedure. Lines 1-3 indicate the order for identifying the chondral fracture site. First, the anterior talofibular ligament is detected longitudinally (line 1). Second, the fracture site of the distal end of the ossified fibula is detected by moving the probe proximally and parallel to the detected anterior talofibular ligament (line 2). After identifying the contour of the cartilage of the distal fibula (line 1 to line 2), abnormal findings, such as hyperechoic spots and a chondral fracture line (indicated by a dotted line), are identified between lines 1 and 3, as they are usually associated with the fracture site at the distal end of the ossified fibula and have different echogenicities. In B, the white arrowheads indicate the site at which hyperechoic spots will be seen on sonography if a chondral fracture is present, and the black arrowheads indicate the chondroligamentous junction. In A, the white arrow indicates an avulsion fracture at the distal end of the ossified fibula. anterior talofibular ligament indicates anterior talofibular ligament; C, unossified cartilage of the distal fibula; F, distal end of the fibula; and T, talus.
irregularity indicated a fracture, whereas the presence of a smooth cortical surface was suggestive of no fracture ( Figure 1, line 2, A and B) .
Thereafter, the transducer was moved distally to identify the epiphyseal cartilage, and the epiphyseal cartilage of the distal fibula was detected between the anterior talofibular ligament and the ossified fibula. Dynamic sonography can be used to differentiate the unossified epiphyseal cartilage from the anterior talofibular ligament (Figure 1, line  1, C) . Moreover, the cartilage was hypoechoic in contrast to the anterior talofibular ligament, which had a hyperechoic fibrillar pattern ( Figure 1, line 1, A and B) .
Characterizing the Site of the Chondral Fracture
We moved the transducer distally from the avulsion fracture site or the cortical bone discontinuity. The site of the chondral fracture can be observed in the cartilage, as the site of the chondral fracture usually connects with the fracture at the distal end of the ossified fibula ( Figure 1A ). The echogenicity of the chondral fracture line was compared to the echogenicity of the cartilage. The chondral fracture line was considered hypoechoic if its echogenicity was lower than that of the cartilage and was considered hyperechoic if its echogenicity was higher than that of the cartilage.
Detecting Abnormal Motion of the Chondral Lesion and Mobility of Hyperechoic Spots Along the Site of the Chondral Fracture After imaging the outline of the unossified cartilage of the distal fibula ( Figure 1, lines 1-3) , we identified the mobility of the bone fragments of the avulsion fracture by using stress sonography along with a manual anterior drawer stress procedure (Figure 2, line 1, C) . At the same time, we evaluated the presence of abnormal motion of the chondral lesion against the surrounding tissue and mobility of the hyperechoic spots along the site of the chondral fracture ( Figure 2, line 2, C) .
Evaluation of Osseous Unions
Osseous unions were evaluated sonographically at the time of cast change (approximately every 2 weeks). We assessed the osseous union and determined whether the disrupted cortical line had become a smooth cortical surface. Moreover, we assessed the chondral fracture and diagnosed fibrous unions in cases in which the regenerated tissue covered the fracture site and the bone fragment or epiphyseal cartilage could not be moved on stress sonography.
Results
The series included 9 patients with lateral ankle ligament injury. The mean age of the patients was 9 years (range, 5-10 years; Table 1 ), and the mean duration between the injury event and the first examination was 0.8 days (range, 0-2 days). All patients had not yet achieved skeletal maturity. Among the 9 patients, 1 (case 9) returned to his hometown, and 8 were followed with sonography (mean follow-up, 117.1 days; range, 49-378 days). Additionally, 2 patients refused treatment with cast Figure 2 . Stress sonography during an anterior drawer stress procedure. Line 1 shows the motion of the avulsion fracture on sonography during the anterior drawer stress procedure. The green arrows indicate the direction of the motion. A small fragment of the avulsion fracture, indicated by the black arrow, moves when the cartilage is pulled during the anterior drawer stress procedure. Line 2 shows the motion of the avulsed chondral fragment on stress sonography. Hyperechoic spots are seen at the chondral fracture site, and they appear fluid and mobile. Therefore, they appear to be enhanced if the gap of the chondral fracture is enlarged on stress sonography (line 2). Abbreviations are as in Figure 1 .
immobilization (cases 1 and 7), and 1 patient had an avulsion fracture, as detected by standard radiography ( Figure 3 and Table 1 , case 9).
We noted the following 4 sonographic avulsion fracture types ( Figure 4 ): occult fracture type (absence of a fracture with hyperechoic spots within the cartilage; Figure 4A ), cortical disruption type (cortical discontinuity with hyperechoic spots within the cartilage; Figure 4B ), double-line fracture type (fracture line in the cortical bone; Figure 4C ), and displaced fracture type (displaced avulsion fracture; Figure 4D ). Among the 9 patients, 8 had discontinuity of the fibular cortex on sonography (cortical disruption fracture type, n 5 3; double-line fracture type, n 5 4; and displaced fracture type, n 5 1). One patient (displaced fracture type) had a displaced avulsion fracture on radiography, as observed on sonography ( Figure 4D and Table 1 , case 9). Additionally, 1 patient (occult fracture type) did not have cortical disruption at the initial examination ( Figure 4A ) but showed cortical disruption 5 weeks after the first examination ( Table  1 , case 3).
The chondral fracture line appeared as a hypoechoic line ( Figure 5, A and D) or hyperechoic line resembling a hair strand ( Figure 5, B and C) . It was connected to the fracture site and was proximally located at the distal end of the fibula ( Figure 5A ). As the gap of the chondral fracture enlarged on stress sonography, the chondral fracture line appeared more clearly, owing to the hyperechoic spots (Table 1 , case 4, and Video 1). Moreover, mobility of the avulsion fracture was noted at the distal end of the ossified fibula ( Figure 6 , Table 1 , case 8, and Video 2). In 7 of the 9 cases, instability of the chondral lesion against the affected tissue was noted (Table 1) . Hyperechoic spots around the chondral lesion were observed in all cases on static sonography (Table 1) , and the fluidity of the hyperechoic spots was assessed by dynamic stress sonography (Figure 7) .
The healing process of chondral fractures is presented in Figure 8 . Hyperechoic spots were observed at the site of the chondral fracture and were spread superficially ( Figure 8, A and B) . The hyperechoic spots and chondral fracture line eventually disappeared (Figure 8,  C and D) . The osseous union process in cases with the cortical disruption fracture type is presented in Figure 9 , A and B, whereas the osseous union process in cases with the double-line fracture type is presented in Figure  9 , C, F.
An osseous union or chondral union after injury was achieved in 6 (75%) of 8 patients with avulsion or chondral fractures (mean, 51.5 days; range, 36-80 days), and an osseous or chondral union was achieved in all fractures that were treated with cast immobilization. Additionally, 2 cases of fibrous unions (cases 1 and 7) were treated with an ankle brace. The fibrous union process at the chondral fracture site is presented in Figure  10 (case 7). The abnormal motion of the chondral lesion against the surrounding tissue and mobility of hyperechoic spots along the site of the chondral fracture were observed on stress sonography along with a manual anterior drawer stress procedure (Video 3). Disruption of the perichondrium from the superficial layer of the ossified fibula to the superficial layer of the anterior talofibular ligament ( Figure 10B, d) was restored, and the thickness increased ( Figure 10B, e) . The thickened perichondrium included a component of the ligament, which showed a fibrillary pattern 290 days after the first examination ( Figure 10B, f) . The hyperechoic spots at the chondral fracture site disappeared.
Os subfibulare was not detected on sonography or radiography at the first examination ( Figure 10A, a and  10B, d ). Accessory ossification occurred at the chondral fracture site in the epiphysis of the fibula 40 days after the first examination ( Figure 10A , b and 10B, e) and progressed to os subfibulare at 290 days after the first examination ( Figure 10A , c and 10B, f). Regenerated tissue covered the fracture site, and the chondral fracture was believed to have fused; therefore, the os subfibulare could not be moved on stress sonography ( Figure 10C , g and h, and Video 4).
Discussion
In this series, we observed that the detection of chondral fractures concomitant with lateral ankle ligament injury is easier with stress sonography than with conventional static sonography in skeletally immature patients. The findings of this series indicate that stress sonography can be used to determine abnormal motion of chondral lesions in patients with chondral fractures and mobility/ fluidity of hyperechoic spots along the sites of chondral fractures.
The problems with the detection of chondral lesions include the following: (1) the inability to use radiography because of radiolucency; (2) the failure to detect radiologic instability if chondral damage exists; and (3) the requirement of additional techniques with sonography. Small bone fragments, which are visualized better with static sonography than radiography, can be clues to the presence of a chondral fracture, and if these fragments are present, dynamic sonography can be performed to identify the chondral fracture site.
The major difficulty in using radiography to diagnose avulsion fractures is the superimposition of other bony structures. 8 Therefore, the detection rate for avulsion fractures varies widely with radiography. Noh et al 9 indicated that misdiagnosis is possible even in skeletally mature patients, as detection rates are accurate in only one-third of cases when radiography is used. Using operational findings, Sch€ utze and Maas 10 reported that one-third of avulsion fractures in skeletally immature patients could not be identified radiographically. In this series, the detection rate with standard radiography was 12.5% (case 4 was excluded because no fracture was seen on radiography).
Haraguchi et al 1 reported that 76% of skeletally immature patients sustained an avulsion fracture that was easily detected with radiographic projections. The authors believed that most avulsed fragments are osteocartilaginous and can be detected accurately with their projection method, even in skeletally immature patients. A few studies have reported that sonography has high sensitivity and specificity in the diagnosis of ankle fractures. [11] [12] [13] However, although sonography has been reported to be useful in detecting avulsion fractures, 14 the diagnosis of chondral fractures is difficult.
To overcome the difficulty in the direct visualization of chondral lesions with stress radiography or MRI, we used stress sonography, which can be performed during dynamic maneuvers and hence facilitates the viewing of normal ligaments and abnormal motion of injured tissue. Detection of chondral fractures in a static condition using sonography and MRI is difficult. However, sonography is a strong tool for use in dynamic conditions 4, 5 and can hence enable the detection of abnormal motion of chondral lesions and mobility of hyperechoic spots along the site of a chondral fracture. Accordingly, the direct diagnosis of chondral fractures is possible by using this modality.
All patients were treated conservatively; hence, the hyperechoic spots could not be confirmed by surgical findings. In our cases, the hyperechoic spots were seen at the distal end of the fibula. These spots were detected at the first medical examination even in cases in which sonographic features of a fracture, such as discontinuity of the cortex and step formation, were not detected, and the spots spread superficially with the passage of time. These findings suggest that the spots may represent blood from the bone marrow. In this series, we observed that hyperechoic spots are highly predictive of chondral fractures in patients with ankle sprains, and if hyperechoic spots are not observed at the distal end of the fibula, it is unlikely that a fracture is present.
Noh et al 9 stated that the mode of failure (avulsion fracture or ligament rupture) affects the clinical and radiologic outcomes of inversion injuries in skeletally mature patients. If a chondral fracture can be accurately distinguished from a sprain, we believe that the treatment can be changed from functional treatment with an external support, such as a bandage, tape, and brace, to immobilization with a cast. It is still unclear whether surgical treatment is needed at the first examination (even in cases of severe chondral fractures), and further studies are needed to clarify this issue.
With regard to the treatment of an anterior talofibular ligament avulsion injury, Blauth and Ulrich 15 performed a study with 27 patients, including 6 immature patients younger than 10 years, and reported that only a surgical procedure could allow the exact reinsertion of cartilaginous or bony fragments after an avulsion fracture; moreover, the results of surgical treatments were found to be superior to those of conservative treatments. However, Cummings 16 recommended conservative treatment for this injury in children. Additionally, he advocated the excision of nonunion fragments and Brostr€ om reconstruction 17 only in patients with persistent complaints. Takaoka et al 18 recommended conservative treatment with the use of a cast over 4 weeks for bone union. Moreover, Haraguchi et al 1 performed a study with 169 patients, including 10 immature patients younger than 9 years, and recommended nonsurgical treatment of avulsion fractures of the lateral ankle ligaments in skeletally immature patients and those with lateral ligament rupture. Furthermore, the authors suggested that cast immobilization might be the best treatment for avulsion fractures because high immobilization is considered appropriate for avulsion fractures. 1 In this series, we treated patients with chondral fractures in a conservative manner. An osseous or chondral union was achieved in 6 (75%) of 8 patients with avulsion or chondral fractures at a mean of 51.5 days (range, 36-80 days) after injury, but an osseous or chondral union was achieved in all patients with fractures that were treated with cast immobilization. Haraguchi et al 1 reported that union was significantly influenced by the degree of displacement. An osseous union was achieved in most fractures that involved a displacement of less than 1 mm, whereas a fibrous union or nonunion was noted in fractures that involved a displacement of 1 mm or greater. In this series, in , Disruption of the perichondrium from the superficial layer of the ossified fibula to the superficial layer of the anterior talofibular ligament is shown (white crossed arrow). Os subfibulare is not detected, and a decrease in the signal is noted as the ligament inserts at the fibula. It was confirmed to relate to anisotropy on dynamic images. B, e, The disrupted perichondrium is restored and the thickness increased. The boundary line between the anterior talofibular ligament and the perichondrium became vague 40 days after the first examination (white arrows). Accessory ossification is seen in the epiphysis of fibula (dashed circular line). This accessory ossification center connects to the chondral fracture site (tracing a red line) and does not have an acoustic shadow. B, f, The thickened membrane includes a component of the ligament, which shows a fibrillary pattern 290 days after the first examination. Accessory os subfibulare (circular line) is seen and has an acoustic shadow. C, g and h, Regenerated tissue (arrows) covers the fracture site (stars), and the bone fragment could not be moved on stress sonography during the anterior drawer stress procedure (Video 4) (d-f are more proximal to g and h). Abbreviations are as in Figure 1 .
cases of osseous and chondral unions, the avulsion fractures were not detected on standard radiographs and were found to have a displacement of less than 1 mm sonographically. This minimal displacement was associated with a high probability of an osseous or chondral union as well as a low probability of failure of structure stabilization, even in the cases of fibrous unions.
The 2 fibrous union and nonunion cases were treated with bracing, and we believe that cast immobilization is needed for chondral fractures. However, the treatment of chondral fractures of the lateral ankle ligaments remains controversial. Nevertheless, we believe that the precise diagnosis of chondral fractures may influence the outcome of conservative treatments, including those for avulsion fractures involving treatment of the lateral ankle ligaments.
Some children have persistent pain and instability after inversion injuries of the ankle. Radiographs may reveal a small osseous fragment distal to the lateral malleolus, suggesting an avulsion fracture of the anterior talofibular ligament or calcaneofibular ligament. This avulsion fracture is thought to evolve into os subfibulare, which causes ligamentous laxity and chronic pain due to a nonunion. This situation is believed to help in the differentiation from asymptomatic os subfibulare, which is a normal anatomic variant in 1% of children. We had a case of asymptomatic os subfibulare induced by a chondral fracture. To our knowledge, this case is the first report to show the formation process of os subfibulare induced by a chondral fracture and not a nonunited avulsion fracture fragment.
In conclusion, we believe that hyperechoic spots around the chondral lesion are important sonographic signs for the diagnosis of chondral fractures concomitant with lateral ankle ligament injury. Stress sonography should be considered for the detection of chondral fractures concomitant with lateral ankle ligament injury in skeletally immature patients with lateral ankle pain and ankle sprains, if hyperechoic spots are present in the cartilage of the distal fibula.
